With the growing demand for portable and wearable electronic devices, it is imperative to develop high performance Li-ion batteries with long life times. Germanium-based materials have recently demonstrated excellent lithium-ion storage ability and are being considered as the most promising candidates for the anodes of lithium-ion batteries. Nevertheless, the practical implementation of Ge-based materials to Li-ion batteries is greatly hampered by the poor cycling ability that resulted from the huge volume variation during lithiation/delithiation processes. Herein, we develop a simple and efficient method for the preparation of Ge nanowires without catalyst nanoparticles and templates, using ionic liquid electrodeposition with subsequent annealing treatment. The Ge nanowire anode shows improved electrochemical performance compared with the Ge dense film anode. A capacity of ∼1200 mA h g −1 after 200 cycles at 0.1 C is obtained, with an initial coulombic efficiency of 81.3%. In addition, the Ge nanowire anode demonstrates superior rate capability with excellent capacity retention and stability (producing highly stable discharge capacities of about 620 mA h g −1 at 5 C). The improved electrochemical performance is the result of the enhanced electron migration and electron transport paths of the nanowires, and sufficient elasticity to buffer the volume expansion. This approach encompasses a low energy processing method where all the material is electrochemically active and binder free. The improved cycling stability and rate performance characteristics make these anodes highly attractive for the most demanding lithium-ion applications.
Introduction
Nowadays, Li-ion batteries (LIBs) have become the mainstay for electrical energy storage due to their outstanding energy and power density. LIBs have been used for various portable electronic devices, such as phones, personal computers, and digital cameras. [1] [2] [3] However, the fast development of these applications has led to increasing demands being placed on advanced LIBs in terms of higher energy/power densities and longer life cycles. Group IVA elements (M = Sn, Ge, and Si), particularly Si and Ge, have become excellent candidate anode materials for LIBs due to their high theoretical capacities of 4200 and 1600 mA h g −1 (forming the Li 22 M 5 alloy) as LIB anode materials, respectively. [4] [5] [6] However, the slow kinetics of lithium transport in Si results in poor rate capability, which limits its application in high rate LIBs. Compared to Si, Ge shows a higher cost and a relatively low capacity. However, Ge also has attracted attention as an alternative anode material because of its high electrical conductivity (10 4 times higher than in silicon) and exceptional Li ion diffusivity (400 times greater than in silicon at room temperature). 7, 8 Si and Ge also have a similar volumetric capacity, 7366 Ah L −1 for Ge (based on Li 15 Ge 4 ) and 8334 Ah L −1 for Si (based on Li 15 Si 4 ). 9, 10 Moreover the increased interest in Ge could bring about a decrease in its cost as a result of the abundance of Ge in the earth's crust, which means that Ge may be an attractive electrode material for mobile electronics requiring longlasting, energy-dense, high power and high-charging-rate † Electronic supplementary information (ESI) available: CV for the electrodeposi- LIBs. Silicon and germanium undergo significant volume expansion and contraction during Li insertion/extraction. The volume change is 400% for Si and 370% for Ge, which results in large strain gradients leading to the cracking and pulverization of particles and loss of electrical contact between the active materials and current collector. Solid electrolyte interphase (SEI) films will be formed on the surface of the electrode materials through irreversible reactions with Li. The coulombic efficiency and capacity will be diminished due to slow Li-ion transport through the surface film and the electrical isolation of the fractured material, when the freshly exposed fractured surfaces are coated by reduced electrolyte solvents. 11, 12 At high current densities, the effects of mechanical strain resulting from the volume change are more pronounced, which will cause electrode pulverization, continual degrading and reforming of the SEI, and a poor cycle life of LIBs.
To overcome this problem, tremendous efforts have been made to design materials that can buffer the volume change, including the use of nanosized particles, 13 wires, 14 tubes, 15 and coating with carbon. 16 These nanostructures effectively accommodate the volume change, tolerate relaxed mechanical strain, and alleviate pulverization. Among various approaches to minimize the mechanical stresses induced by volume change, the use of nanowires is proven to be the most effective way in accommodating the volume change of electrode materials during cycling. On one hand, decreasing the size of Ge particles to the nanoscale can mitigate the physical strains during the Li insertion/extraction process. On the other hand, nanowires have good electronic conduction along the length of each wire, a short lithium ion diffusion distance, and a high interfacial contact area with the electrolytes as well as easy percolation of the nanowire network.
Recently, various synthetic methods for nanowires have been extensively explored, such as evaporation−condensation and vapor (or solution)-liquid-solid (VLS or SLS) growth, 17 laser ablation, 18 and chemical vapor deposition (CVD). 19 For instance, Ryan's group synthesized Ge nanowires (NWs) by using a vapor growth system. The anodes maintained capacities of 900 mA h g −1 after 1100 cycles, even at very high discharge rates of 20-100 C. 20 Korgel reported the SLS growth of Ge NWs using Au nanocrystal seeds and diphenyl germane (DPG) reactant. The Ge NWs exhibited high rate capability with reversible cycling of 600 mA h g −1 for 1200 cycles at 1 C. 21 Cui's group prepared Ge NWs using direct chemical vapor deposition from GeH 4 decomposition on metallic current collector substrates. The NWs had an initial discharge capacity of 1141 mA h g −1 over 20 cycles at C/20, and high power rates were also observed up to 2 C with a coulombic efficiency >99%. 14 However, all these reported Ge nanowire-based anode materials were synthesized with very expensive instruments and the achieved Ge NWs contained unavoidable metal catalyst nanoparticles (e.g., Au, Bi and Sn), 14, 20, 22 which will reduce the Li storage performance of Ge NWs, to some degree.
Electrodeposition is a versatile technique for the synthesis of nanostructured materials, owing to relatively easy control of the process parameters. Ionic liquids have wide electrochemical windows of up to ±3 V vs. normal hydrogen electrode (NHE), low vapor pressures, and a good thermal stability, which allow the deposition of semiconductors (such as Si and Ge) that cannot be obtained in aqueous solution. Endres et al. had extensively studied the electrodeposition of NWs from ionic liquids. For example, SnSi NWs were obtained through ionic liquid electrodeposition from 1-butyl-1-methylpyrrolidinium trifluoromethylsulfonate ([Py 1, 4 ]TfO), using a template-free process at room temperature without adding any shape-directing agents. 23 Zn NWs were achieved through a template-free process from [Py 1, 4 ]TfO at 125°C. 24 Track-etched polycarbonate membranes were used as templates for the electrodeposition of Ge NWs from dissolved GeCl 4 in an ionic liquid. 25 However, when using templates, the deposits are attached to templates inseparably, and the nanostructures will be damaged when the templates are removed. Therefore, it is of great interest to synthesize Ge NWs by an efficient and simple method. To the best of our knowledge, there is no report for gaining Ge NWs through template-free electrodeposition in a room temperature ionic liquid.
In this paper, we for the first time report a feasible method to synthesize Ge NWs by ionic liquid electrodeposition and subsequent annealing without using any templates and catalyst nanoparticles. A typical procedure for the synthesis of Ge NWs is shown in Fig. 1 . Initially, Ge nanoparticles were directly electrodeposited onto a Ni foil in an air and water stable ionic liquid at room temperature, which were subsequently annealed at 500°C under an atmosphere of Ar to form Ge NWs according to the Lifshitz-Slyozov-Wagner theory (LSW). The obtained Ge NWs can directly be electrodeposited onto the current collector without the binder, and can be directly used as the electrode. Such Ge NWs provide a fast electron transfer, accommodate the stress induced by the volume change during electrochemical reactions, and has better contact with the current collector, thus leading to the improved electrochemical performances of anodes in LIBs.
Experimental
The ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([EMIm]Tf 2 N, 99%) was purchased from IoLiTec (Germany) and used after drying under vacuum at 100°C for several hours, usually leading to water contents of below 2 ppm. GeCl 4 (99.999%) and AlCl 3 (99.9%) were purchased from Alfa Aesar. 1.5 M AlCl 3 was added to [EMIm]Tf 2 N containing 0.1 M GeCl 4 to from the 1.5 M AlCl 3 + 0.1 M GeCl 4 / [EMIm]Tf 2 N solution. Subsequently, the solution was stirred overnight at room temperature. For comparison, a solution of 0.1 M GeCl 4 /[EMIm]Tf 2 N without addition of AlCl 3 was also prepared.
Electrochemical experiments such as cyclic voltammetry (CV) and the electrodeposition processes were carried out inside an argon-filled glove box with water and oxygen contents below 2 ppm (Vigor Glove Box from Suzhou, China), using a three-electrode cell setup. The electrochemical cell was made of Teflon and clamped over a Viton O-ring onto the Ni foil with an area of 1 cm 2 . Ni foil was used as a working electrode. Before use, the Ni foil was cleaned with HCl. An Ag wire and a Pt ring were used as a quasi-reference and a counter electrode, respectively.
Electrochemical measurements were performed using a VersaStat 2273 (Princeton Applied Research) potentiostat/ galvanostat controlled by Powersuite software. CV measurements were performed at a scan rate of 10 mV s −1 in the range of −2.5-0.01 V vs. the quasi reference electrode at 25°C. After the electrochemical experiments, all samples were immersed and washed in isopropanol (ultra pure) purchased from Alfa Aesar to remove the ionic-liquid residues, and then allowed to dry in the glove box before annealing.
The as-deposited samples from 1.5 M AlCl 3 + 0.1 M GeCl 4 / [EMIm]Tf 2 N were annealed at elevated temperatures under an Ar atmosphere. The furnace heating program included a heat up period from room temperature to the target temperature with a heating rate of 2°C min −1 . The samples were then annealed at the target temperature for 2 h, followed by natural cooling to room temperature under a continuous flow of Ar. The annealing was performed in a high-vacuum furnace at different temperatures of 200, 300, 400 and 500°C for 2 h to synthesize Ge NWs.
Morphological characterization was performed with a Hitachi S-4800 scanning electron microscope (SEM) operating at 20 kV. Transmission electron microscopy (TEM) was performed using an FEI Tecnai G2F30 operated at 300 kV. Elemental and structural analyses were achieved by X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and Raman spectroscopy. XPS is based on a PerkinElmer PHI5700 ESCA system with an Al Kα source. All binding energies are referred to the C 1s peak at 284.6 eV of surface adventitious carbon. XRD analysis was conducted using a D8 Bruker instrument with a Cu Kα radiation source. Raman spectra were obtained on a Renishaw inVia micro-Raman spectroscopy system, using the TE air-cooled 576 × 400 CCD array in a confocal Raman system (wavelength: 633 nm). The incident laser power was kept at 2 mW, and a total accumulation time of 5 s was employed.
Coin cells (CR2032) were assembled to test the electrochemical performance. The coin cells (2032) were assembled in an Ar-filled glove box using 1.0 M LiPF 6 in 1 : 1 vol% of ethylene carbonate (EC)/dimethyl of carbonate (DMC) as the electrolyte. Lithium foils, Ge NWs and porous polypropylene membranes (Celgard 3401) were used as the counter electrodes, the working electrodes, and the separator, respectively. The performance of the cells was examined using a battery testing system (Neware battery test system (Shenzhen, China)) at a current density of 160 mA g −1 (0.1 C) between 0.01 and 2.0 V. Fig. 2a ). Fig. 2b shows the Ge film obtained from 1.5 M AlCl 3 + 0.1 M GeCl 4 /[EMIm]Tf 2 N, which is porous, and the particles are bigger than that of the dense film. There are some voids between the nanoparticles. This is because AlCl 3 can react with [Tf 2 N] − to form Al(Tf 2 N) 3 when the AlCl 3 concentration is lower than 1.6 M. 26 Aluminium cannot be deposited from the Al(Tf 2 N) 3 ; however Al(Tf 2 N) 3 can make the electrolyte more viscous. Therefore some Al(Tf 2 N) 3 will coat on the surface of Ge nanoparticles. After being washed off with isopropanol, voids are formed between the nanoparticles.
Results and discussion
From the CV curve of 1.5 M AlCl 3 + 0.1 M GeCl 4 /[EMIm] Tf 2 N solution on a Ni foil substrate ( Fig. S1 †) , two peaks at about −0.8 and −1.4 V (vs. the Ag quasi-reference electrode) in the cathodic branch can be observed, which correspond to the reduction of Ge(IV) to Ge(II), and the reduction of Ge(II) to Ge(0), respectively. The reduction peaks of Al in the CV curve are absent, indicating that only Ge is deposited to form the porous films. The average pore diameter is in the range of 100-700 nm (Fig. 2b) . SEM images of the samples after annealing at different temperatures are shown in Fig. 2c-f . At the annealing temperature of 200°C (Fig. 2c) , the nanoparticles agglomerate and the cavities become larger. The pores are well separated from each other and the average pore diameter is in the range of 700-1000 nm. When the annealing temperature is increased to 300°C, the nanoparticle agglomerates grow and coalesce to form islands, and highly interconnected pore networks can be observed. The average pore diameter is in the range of 1-2 μm at this stage (Fig. 2d ). When the annealing temperature is increased to 400°C, some NWs can be found in the space among the porous islands. The distance between each island becomes larger (3-5 μm), and the pore walls begin to collapse to form sticklike NWs ( Fig. 2e) . A significant change in the Ge nanostructure evolution appears at the annealing temperature of 500°C (Fig. 2f ). The SEM image (Fig. 2f) shows the formation of sticklike NWs directly on the substrate. Indeed, all the cavities disappear, and the Ge NWs can be observed on the Ni foil substrate with high density at this temperature. The results are consistent with Lifshitz-Slyozov-Wagner theory (LSW). In this model, the higher curvature and hence chemical potential of smaller particles provides a driving force for dissolution. The larger particles continue to grow by diffusionlimited transport of species dissolved in solution, which is similar to the porous Si and Ge reported in ref 26 and 27. Moreover several previous studies pointed out the annealing induced structural changes of a chemically etched Ge film. 28 A typical SEM image of the as-prepared Ge NWs growing from the underlying current collector is shown in Fig. 3a , displaying that the Ge NWs possess a uniform, sticklike morphology with a diameter of 100-200 nm and a length of 2-3 μm. Most of the Ge NWs are straight or slightly curved, while tapered or branched ones are hardly observed. The TEM image of the NWs (Fig. 3b ) clearly shows that the NWs have a 1D sticklike structure. The lattice fringe of (111) corresponds to 0.33 nm, as shown in Fig. 3c . The SAED pattern (Fig. 3b inset) is indexed with spots that correspond to diamond cubic Ge and are consistent with the (111) growth direction. XRD analysis of the as synthesized Ge NWs on a Ni substrate (Fig. 3d ) shows reflections consistent with cubic Ge. The diffraction peaks at 27°and 65°correspond to the (111) and (400) planes of the diamond structure of Ge, respectively (JCPDS number 04-0545). Due to the strong diffraction peaks of Ni, we can only get diffraction peaks of Ge (111) at 27°and Ge (400) at 65°. The peaks of the Ge (220) and Ge (311) planes overlap with those of Ni (111) and (200), and show a broad peak. Fig. S4 † shows the XRD patterns of samples 1-4. A broad peak of samples 1 and 2 at 20-30°is attributed to the amorphous germanium. The diffraction peaks of samples 3 and 4 correspond to the (111) planes of the diamond structure of Ge. All the XRD patterns show the diffraction peak of Ge. The crystallinity of the deposits is increased with the increasing temperature. Fig. 3e shows the Raman spectrum of the NWs. The Raman peak located at 298 cm −1 represents the crystalline Ge transverse optical (TO) mode, which is indicative of the Ge-Ge vibration. The XPS spectrum was recorded to measure the valence state of the Ge element in the NWs. From the XPS spectrum, as shown in Fig. 3f , the peaks of Ge 2p 3/2 and Ge 2p 1/2 core levels are found to be centered at 1217 and 1249 eV, respectively. The XPS spectrum of Ge 3d has been analyzed in Fig. S2 , † which indicates that Ge is partially oxidized. This is because the samples have been oxidized during the transfer from the glove box to the XPS device. The peak at 29.1 eV is the contribution from Ge, while the peak at 33.2 eV is attributed to GeO 2 . From the EDS results ( Fig. S3 †) , we can also find oxygen in the NWs. This shows that the nano-sized germanium is easily subject to fast surface oxidation. The electrochemical performance of the as-prepared Ge films used as an anode of an LIB was tested in a CR2032 coin cell. The electrodes have a loading density of 0.3 mg cm −2 , and the battery results are summarized in Table 1 . The Ge dense film anode (sample 1) has a high specific capacity of 1836 mA h g −1 at the first cycle but it has a poor 1st cycle coulombic efficiency (64.1%). The capacity retention is only 58.2% from the 2nd to the 50th cycle. With the annealing temperature increasing, Ge nanoparticles begin to agglomerate and a porous structure is formed in the film, which can release the strain during Li ion insertion and extraction. As a result, the capacity retention of sample 4 increases to 90.0%. Sample 5 obtained at 500°C yields a capacity of 1248 mA h g −1 after 50 cycles, corresponding to only a 6.9% loss in capacity relative to the 2nd cycle. A dense Ge film anode has a poor cycle performance due to the large volume change during the Li insertion/ extraction process, leading to cracking and disintegration of the Ge electrode, which results in severe capacity fading. In our experiment, the dense Ge film (sample 1) has the worst performance, as shown in Fig. S5 . † The electrochemical performance of sample 2 shows no obvious change due to the small morphological change (Fig. S6 †) . When the annealing temperature is increased to 300°C (sample 3), the cycle performance of the film is improved. The capacity retention of the sample increases to 86.1% from the 2nd to the 50th cycle ( Fig. S7 †) .
The first charge and discharge capacities of sample 4 are 1736 and 1292 mA h g −1 , respectively, with an initial coulombic efficiency of 76.7% (Fig. S8 †) . The capacity retention increases to 90% from the 2nd to the 50th cycle. In general, amorphous Ge is beneficial to the overall electrode properties. The possible reasons for this could be the harmful anisotropic expansion/extraction and the stresses accompanying phase transitions upon (de)lithiation in crystalline anodes. Compared with samples 1 and 2 which are composed of amorphous Ge, it can be concluded that the nanowire structure plays an important role in improving the 1st cycle coulombic efficiency and the capacity retention due to the sufficient electronic conduction of the individual wire, short Li-ion diffusion distance, and high interfacial contact area with organic electrolytes, as well as the porous network. Fig. 4a shows the voltage profiles of Ge NWs (sample 5) for 1, 2, 50, 100, 150 and 200 cycles at a charge-discharge rate of 0.1 C (160 mA g −1 ) tested between 0.01 and 2.0 V. The first charge and discharge capacities are 1786.2 and 1452.1 mA h g −1 , respectively, with an initial coulombic efficiency of 81.3%. Compared to previous reports on Ge NWs, Ge/C nanowires and Ge nanotubes (39%, 69%, 77%), 11, 14, 15 our Ge NWs show improved efficiencies. However, it is lower than 90% in the first few cycles, which may be caused by the fragmentation of the anode during cycling, and the formation of the SEI layer on the fragmented anode surface during the lithium insertion process. The coulombic efficiency after the first 20 cycles is greater than 98% (Fig. 4b) , even those with little capacity fading. The observed increase in coulombic efficiency during the first few initial cycles is most likely related to SEI layer formation, but requires further study. Commercial applications require high coulombic efficiency ideally close to 100%, this is an important consideration in battery performance. Overall the electrode demonstrates extremely high performance, achieving a reversible capacity of 1228.8 mA h g −1 after 50 cycles. The capacity retention of Ge NWs can reach 93.1% from the 2nd to the 50th cycle. Compared with other samples obtained at different annealing temperatures, the Ge NW electrode not only has improved cycle performance but also has excellent 1st coulombic efficiency.
The improved electrochemical properties can easily be found in Fig. 4c and d . Even after 200 cycles, the Ge NW electrode also shows remarkable capacity retention with 1200 mA h g −1 (Fig. 3a) . These values are higher than the recent reports for Ge NWs used as Li-ion battery negative electrodes. For example, Seo et al. reported capacities of ∼700 mA h g −1 for SLS-grown Ge NWs after 100 cycles at C/2. 29 Chan et al. reported capacities of 1000 mA h g −1 after 20 cycles at C/20 for Ge NWs grown using a CVD process. 14 This suggests that our Ge NW electrode without catalyst nanoparticles has a very stable structure, and is capable of withstanding the volume change.
The rate capability of Ge NWs was evaluated by charging and discharging the material for 5 cycles at rates of 0.1 C, 0.5 C, 1 C, 2 C, 5 C and 10 C, and then back to 0.1 C (Fig. 5a ). The electrode exhibits discharge capacities at each rate of 1355, 1230, 1114, 960, 620 and 325 mA h g −1 , respectively. Notably there is no significant abrupt drop in capacity when increasing the rate from 0.1 C to as far as 2 C, which shows that this anode has an improved performance at low rates. A slight drop of 300 mA h g −1 is noted when increasing the rate from 2 C to 5 C, with the discharge capacity decreasing from 960 to 620 mA h g −1 . Upon a further increase to 10 C, the discharge capacity decreases to 325 mA h g −1 , which is the same with the theoretical capacity of graphite (372 mA h g −1 ). However, when the rate returns to 0.1 C, the electrode retains 97.6% of its original capacity and the discharge capacity increases back to 1305 mA h g −1 . The performance of the Ge NW electrode at extremely high rates is jointly attributed to the high rate of diffusion of Li in Ge and the short diffusion distances provided by the 1 D nanostructured morphology.
The rate capability of other samples was also tested, which is shown in Fig. 5b . The samples 1-4 also exhibit good performance at low rates. But when the rate increases to 5 C, the capacity of samples 1-4 decreases significantly. When the rate returns to 0.1 C, the electrodes retain 57.3%, 80.6%, 85.9% and 95.6% of their original capacity, respectively, indicating relative instability when the annealing temperature is lower than 400°C. From the above results, we can conclude that the Ge NWs will improve the electrochemical performances of the electrode even at extremely high rates. The performance at higher rate is limited by the maximum achievable capacity during charging. Previous studies have shown that germanium-based electrodes can maintain high and stable capacities at very high discharge rates if the material is charged at a fixed and slower rate. 20, 21 The results show that the Ge NW anode has excellent capacity stability even after going through cycles at a higher rate. This strain-released Ge NW not only has a higher capacity but also has a higher rate capability. Fig. 6 shows the CV curves of Ge NWs at a scan rate of 0.1 mV s −1 and a potential range of 0-2.0 V. The shape of the curve corresponding to the first cycle differs significantly from those of subsequent cycles. A broad peak between 0.7-0.9 V during the first lithiation cycle does not reappear due to the SEI formation. And the irreversible peak gradually disappears along with the cycling. After the first cycle, the curves maintain remarkably repeatable shapes, suggesting the high reversibility of the lithiation-delithiation reaction. The lithiation process associated with the formation of the Li-Ge alloys starts at the potentials of 0.36 and 0.12 V versus Li/Li + in the cathodic branch, corresponding to the different Li-Ge alloys formed (Ge → a-Li x Ge → a-Li 15 Ge 4 → c-Li 15 Ge 4 ). 30, 31 Upon delithiation, the peaks at about 0.39 and 0.89 V are attributed to the delithiation of the c-Li 15 Ge 4 phase.
The effect of NWs on the electronic conductivity of the Ge NW electrode was investigated by EIS measurements, with the Ge dense film for comparison. As shown in Fig. 7a , both of them can be analyzed with the same equivalent circuit mode (the inset of Fig. 7a ). CPE represents the constant phase-angle element, involving double-layer capacitance. The intercept on the Z real axis in the high frequency region represents the total resistance of the electrolyte, separator, and electrical contacts (R s ). The semicircle in the high frequency range indicates the charge transfer resistance (R ct ), which is associated with the charge transfer reaction at the electrode-electrolyte interface. The inclined line in the low frequency region represents the Warburg impedance (Z w ), reflecting the solid-state diffusion of Li ions into the bulk of the active materials. The Ge NW electrode has a much lower charge transfer resistance (100 Ω) than that of the dense Ge film (200 Ω), due to the porous structure derived from the loose nanowire networks. Such a porous structure is favorable for the penetration of the electrolyte into the electrode, which will promote fast Li + transport during the charge/discharge processes and enable the fast electrochemical reaction. 32 In order to investigate the stability of the Ge NW electrode with cycles, EIS is performed. The Nyquist plots before the first cycle and after the 200th cycle are shown in Fig. 7b . After the 200th cycle, the circular arc diameter is larger, which can be attributed to the gradual damage of the morphology of the Ge NWs, increasing the difficulty for Li diffusion from the reaction interface to the Ge NWs. Fig. 8 shows the SEM images of the dense Ge film ( Fig. 8a  and b ) and the Ge NWs ( Fig. 8c and d) after 200 cycles. The electrodes shown in Fig. 8 are delithiated without removing the SEI layer. It can be seen that both samples undergo morphological changes. After 200 cycles, the dense Ge film shows through-thickness cracks of about 1-2 μm (Fig. 8a) due to the large volume change, resulting in poor cycle life and pulverization. For the Ge NW electrode, the diameter of the NWs becomes larger than 250 nm after 200 cycles, indicating a volume expansion during cycling (Fig. 8d ). Without the removal of the SEI, the change in pore size is simply due to the accumulation of the SEI layer, which grows continuously during cycling. However, there is no evident crack formation due to the available surrounding free spaces offered by the porous structure ( Fig. 8c ). Ge NWs transform into a mechani-cally robust, porous, and stable network during cycling (Fig. 8d) . The same phenomenon is also observed in previous studies of the Ge NW anode. 20, 32 The Ge NWs are not easily peeled off from the Ni foil after cycling by washing with isopropanol or ultrasonication, showing good adhesion and this is beneficial to the cycling performance of the electrode.
Conclusions
In conclusion, Ge NWs were successfully grown on Ni current collectors through ionic liquid electrodeposition and annealing without using catalyst nanoparticles. The Ge NWs could be directly incorporated into a lithium-ion half-cell for electrochemical testing. Due to the advantages of the unique architecture of Ge NWs, including good electrical conductivity, short Li-ion diffusion distance, high interfacial contact area with electrolytes and easy percolation of the NW network, the Ge NW anode exhibits outstanding electrochemical performance. It maintains a high reversible capacity of 1200 mA h g −1 at 0.1 C after 200 cycles with an initial coulombic efficiency of 81.3%. Even at a high rate of 5 C, it still delivers a capacity of 620 mA h g −1 . This work provides a general strategy to synthesize NWs without catalyst nanoparticles, which is crucial to improve the cycling stability and rate performance of Ge anode materials. The rate capability of the electrodes suggests that the Ge NW anode may be suitable for high power applications designed to perform at very high discharge rates, such as electric vehicles and power tools. 
